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Field of the invention 

The invention relates to the field of fiber optics, and more particularly to 
birefiringence in single-mode fibers. 

Background of the Invention 

Linear birefiingence in single-mode optical fibers arises fi-om either geometrical 
effects or anisotropic stresses in the core. In extreme cases, the core may be intentionally 
distorted into an ellipse or subjected to strong internal anisotropic stress and result in 
polarization maintaining fiber. All fiber has some core ellipticity, though in modem 
single-mode communications fiber it is limited to less than 1%. There is a great desire to 
limit core ellipticity to minimize the linear birefiingence that causes polarization mode 
dispersion (PMD). This effect limits the maximum information bandwidth that can be 
transmitted on an optical link of a given length due to pulse broadening. Another cause of 
linear birefiingence is stress caused by bending of the fiber, although this can be 
minimized by avoiding small radius bends. 



When a single mode optical fiber is used for current sensing by forming a loop 
around an electrical conductor, linear birefiingence can be shown to cause a reduction in 
the sensitivity from that which is anticipated due to the Verdet constant of the fiber. The 
sensitivity, S ,can be shown to have the following approximate form: 

S=p sin5/5, 

wherein p=VNI: 

V = Verdet Constant in rad/Amp; 

N= number of tums in the fiber coil; 

1= current in conductor enclosed by coil; and 
5=p NDtt, 

p= linear birefiingence in rad/m, and 

D= diameter of the fiber coil in meters. 

Since NDti is the length of the fiber in the coil (neglecting pitch of the coil tums), 
the sensitivity decreases along the length of the coil. Since the linear birefiingence due to 
the various stresses is a fimction of temperature in a relatively unpredictable way, the 
sensitivity (scale factor) of the coil is difficult to control, thereby also making calibration 
difficult. 

It has been shown that the introduction of circular birefringence in a single-mode 
fiber Faraday-effect magnetic sensing coil can mitigate the effects of mcidental linear 
birefiingence which are due to such phenomena as bending stress, residual ellipticity, and 
compression due to the coating of the fiber. If the amount of circular birefringence is 



substantially greater than the linear birefringence per iinit length, then the sensitivity of 
the coil per turn becomes essentially independent of the number of turns, and also 
substantially independent of temperature. This permits the construction of accurate 
sensing coils whose sensitivity is substantially independent of temperature. This method 
5 differs from the method of annealing the fiber coil to relieve the mechanical stresses. 
(Though the Verdet constant may also vary with temperature and affect sensitivity, this 
effect may be dealt with separately.) 

Circular birefringence can be introduced in different ways. A fiber can be twisted 
(thereby putting it in torsion) or the preform can be spun when the fiber is made so that 
10 the twist is "frozen" in the fiber. Both of these effects can be shown to reduce the effect 
of linear birefringence on PMD and on the current sensitivity. 

It has been shown that torsional-stress-induced circular birefringence introduced 
by twisting the fiber can be used to "swamp" the Imear birefringence. The fiber can then 
be annealed to eliminate or at least reduce any additional stress-induced linear 

15 birefringence. In another example disclosed in U.S. patent 6,023,33 1 to Blake, which is 
incorporated herein by reference, a heUcal coil of fiber was wrapped around a torus. The 
fiber is subjected to a number of twists to establish circular birefringence which tends to 
cancel out the effects of linear birefringence. A twist in this context may be an essentially 
constant rotation per unit length of the fiber, along the length of the sensing coil. Blake 

20 suggested that specific values of the circular birefringence exist for closed-loop fiber- 
optic sensors, where the linear birefidngence can be cancelled exactly, producing a zero 
scale factor error. These specific values of the circular birefiingence depend on the pitch 
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angle 0 and the radius of the helix R. For a coil with N turns, the zero scale factor error 
solutions may be achieved by: 

T=N*sin0*cos0/R, 
where T is the rotation caused by circular birefringence. 

5 This method allows the fabrication of Faraday-effect sensing coils that do not 

require annealing. However, achieving this effect requires a specific number of turns or 
twists (determined by the equation for T) in the helix which is wound around the torus 
mandrel. Blake also notes that introducing a large number of twists in the optical fiber is 
impractical as such a tightly-wound fiber will creep over time. It would therefore be 
10 desirable to develop a less complex fiber-optic sensor coil, i.e., one which depends only 
on pitch angle and not requiring a specific number of turns or twists, yet having a 
significant effect comparable to circular birefringence that can overcome or "swamp" any 
residual linear birefringence of the coil. 

Summary of the invention 

15 According to one aspect of the invention, a fiber optic sensor coil for a current 

sensor for increased sensitivity may have at least one winding. The sensing fiber may be 
wound without torsion, i.e., without torsion twists, around a current-carrying wire to form 
the coil. A helix can be wound with or Mdthout torsion, depending on whether the free 
end of the fiber in the winding process is constrained from rotation, or permitted to fully 

20 rotate, respectively. The pitch may be selected to result in a phase shift of circularly 
polarized light propagating through the fiber, wherein the phase shift can be caused by 
Berry's phase. 
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According to another aspect of the invention, a fiber optic interferometric current 
sensor may include a sensing fiber encircling a current-carrying conductor and wound 
with a pitch. Two circularly polarized light waves may propagate along the sensing fiber. 
The pitch of the sensing fiber may be selected so as to provide a Berry's phase shift of the 
5 circularly polarized Ught waves that may be substantially greater than a phase shift 
caused by a linear birefringence in the sensing fiber. 

Embodiments of the invention may include one or more of the following features. 
The pitch may be between 20° and 70^ preferably approxunately 60^ A pitch outside this 
range may be used, though may not provide an optimum effect. The form on which the 

10 fiber is wound may be slotted such that the fiber helix may be threaded onto the 

conductor without breaking the conductor. The sensing fiber may be wound in the form 
of a bobbin, the fiber having a first section with a first winding direction and a second 
section with a second winding direction. The pitch of the fiber will necessarily decrease 
to zero so as to reverse the winding direction. The sense of rotation, however, may not be 

15 changed. The length of fiber in the reversal region may be minimized, as it does not 

produce a Berry's phase shift. The fiber may also be wound in the form of a helix around 
a torus, which encircles the conductor. 

Further features and advantages of the present invention will be apparent firom the 
following description of preferred embodiments and firom the claims. 
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Brief Description of the Drawings 

The following figures depict certain illustrative embodiments of the invention in 
which like reference numerals refer to like elements. These depicted embodiments are to 
be understood as illustrative of the invention and not as limiting in any way. 

Fig. 1 shows a schematic perspective view of a fiber coil exhibiting a circular 
birefringence due to Berry's phase; 

Fig. 2 is a multi-turn Berry's phase coil according to the invention; 

Fig. 3 is an altemative embodiment of a Berry's phase coil according to the invention; 

Fig. 4 is yet another embodiment of a Berry's phase coil according to the invention; and 

Fig. 5 is a fiber-optic current sensor embodying the Berry's phase coil according to the 
invention. 

Detailed Description of Certain Illustrated Embodiments 

By way of background information, a helically wound fiber introduces Berry's 
topological phase, independent of the state of polarization and the wavelength of the light 
propagating in the fiber. When plane polarized light propagates along a three-dimensional 
path in space, the plane of polarization rotates. The rotation is independent of 
deformations in the fiber path if the solid angle of the path in momentum space stays 
constant. This effect does not rely on torsion in the fiber. The phase change introduced by 
Berry's phase is different in its origin, but produces a similar effect as the previously 
discussed "circular bu-efi^ingence." For light propagating in a single-mode optical fiber, 



the propagation vector coincides with the fiber axis, and the effect can be produced by 
winding the fiber in a suitable shape, such as a helix. This has been demonstrated in 
controlling the amplitude of the light retumed from a loop mirror as well as direct 
measurements of the effect. As noted, the effect of Berry's phase on the sensitivity of the 
fiber to the Faraday effect is similar to that of conventional circular birefringence caused 
by spinning and/or twisting and armealing the fiber, or by winding the fiber in a manner 
that achieves torsional stress. Since the sensitivity of the fiber to the magnetic field 
through the Faraday effect is a local effect in the fiber, it is the ratio of the Berry's phase 
to the linear birefringence per unit length which is effective in reducing the effect of 
linear birefringence on the sensitivity of the fiber to the magnetic field produced by an 
electrical current. 

Referring now to Fig. 1, in one embodiment of the invention, a Berry's phase coil 
10 may be obtained by winding a section of optical fiber 14 in the form of a helix, e.g., 
by vending the fiber around a cylinder 16 having a radius R, Optical radiation produced, 
for example, by a laser 12 is polarized by a polarizer 13 and focused on the end of the 
fiber 14. The fiber 14 may be wound around the cylinder 16 without torsion, making one 
tum within a length p of the cyUnder 16. The length p is referred to as the "pitch." 
Radiation exiting the fiber 14 passes through a polarizer 1 8, with a detector (not shown) 
detecting a change in the polarization direction. 

It can be shown that the phase change per tum of a helical coil due to Berry's 
phase is: 

9 = 271 (1- COS©) = 271 (1 - p/s) Eq. (1) 



wherein: 

0 = helix angle with respect to the coil axis; 
s = length of one turn; and 
p = pitch. 
The pitch is expressed as 

p - 27rR/tan(0), with 

R = coil radius. 

We can see that p/s = 0 for a pitch angle of 90"*, giving a Berry's phase of 27i/tum, 
which is indistinguishable from no rotation at all. For a pitch angle of 0°, p/s = 1, and 
there is also no effective Berry's phase. The maximum observable Berry's phase is 7i, 
corresponding to a pitch angle of 60°. Unlike the conventional torsion-induced circular 
birefringence discussed above, the Berry topological phase change effect does not require 
torsional stress. The effect is therefore different from the effect of twisting the fiber. 

For current measurements, a wire carrying a current to be measured may be 
surrounded by the helix 10 and extend approximately parallel to the axis of the helix. 
Providing that the magnetic field associated with the current is assumed to be constant 
along the length of the helix, the helix need not form a closed loop around current 
carrying conductor, although an integral number of turns may be preferred. Accordingly, 
bends in the conductor should be avoided. There is no reason to put the fiber in tension as 
the Berry's phase arises intrinsically due to the topology. 

In an advantageous embodiment of a simple helix, the form, or cylinder 16 on 
which the helix of fiber 14 may be wound may be slotted, as illustrated by slot 16a of 
cylinder 16, so as to provide an open space between the fiber turns. In the manner of this 



embodiment, the form 16 itself may be in the shape of a helix, so that the helix of fiber 14 
and form 16 may be threaded onto the conductor without breaking the conductor. 

Referring now to Fig. 2, an exemplary embodiment of a fiber coil 20 may have 12 
turns of optical fiber 24 wrapped along a cylinder (not shown) having a length L of 

5 approximately 1 meter in a uniform helix of radius R = 0.5 cm. Based on calculations, the 
pitch p of each coil is lOOcm/12 = 8.33 cm, with a pitch angle of21° and the length of a 
single turn is 8.9 cm. Accordingly, the Berry's phase per tum, in accordance with 
Equation (1), is ([) = 27i*(l - p/s) = 0.40 radians or 23"", corresponding to a total Berry's 
phase for the entire coil of approximately 280"". Optical radiation may be introduced into 

10 the fiber 24 at a first fiber end 22 and detected at a second fiber end 28, similar to the 
exemplary fiber helix described above with reference to Fig. 1. The resultant Berry's 
phase may be made significantly greater that the deleterious linear birefringence and may 
have the desired effect of "swamping" the linear birefringence in the same manner as 
would a comparable amount of circular birefringence. In an optimized configuration that 

15 produces the greatest Berry's phase change per tum, the sensor coil may have a pitch of 
approximately 60"* instead of 21 °, enhancing the effect by a factor of 7r/(0.40)= 7.9. 

Unlike the fiber coils described in the prior art, the coil of the invention may be 
wound without torsion. This is easily accomplished by either properly rotating the fiber 
payout spool (one revolution for each winding of the helix), by enclosing the fiber in a 
20 loose Teflon tube before winding, and the like. Since no torsion is introduced into the 
fiber, the number of turns in a coil may be much greater using Berry's phase without 
concern for creep. Thus, the possible effect introduced by the Berry's phase may be 
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greater, due to the increased number of turns possible, than if the coil winding method 
introduced torsional stress or tension into the fiber. The number of turns may be 
increased, for example, by reversing the helix direction, i.e., by going back and forth in 
two directions, as will be described in conjunction with Fig. 4. 

5 In accordance with an embodiment of the present invention, the fiber may be 

wound in several configurations. As illustrated in Fig. 3, the coil 102 may be formed by 
winding a fiber 108 ui the form of a helix 104 around a torus 105 encircling the 
conductor 106, shown in cross-section. As in the embodiments of Figs. 1 and 2, the fiber 
may be wound without twisting, i.e., without introducing torsional stress or tension into 
10 the fiber. This embodiment corresponds to the theoretical process of performing the line 
I integral of the magnetic field, and is an effective way of accurately estimating the current. 

Tft y^t another embodiment illustrated in Fig. 4, a helix may also be wound around 

a cylinder 30 as a bobbin 32. In this embodiment, the winding direction of fiber 34 (along 

ft the axis of symmetry x-x) may be reversed as the fiber 34 nears the end 36 of cylmder 30. 

a 15 The winding may then proceed in a direction towards end 3 8 of cylinder 30 and may 

reverse back towards end 36 as the fiber 34 nears end 38. In the illustration of Fig. 4, two 
reversals are shown, but it will be understood that windmg of fiber 34 in this bobbin 
fashion may have one or more reversals. When reversing direction at the end 36, or end 
38, the pitch of the fiber 34 typically decreases to zero at some point. Since a 90° pitch 
20 does not produce a Berry's phase, the length of fiber in the reversal regions near ends 36 
and 38 should be minimized. Any of these sensing coils may be configured as either a 
Sagnac interferometer (although using the Faraday effect to achieve the phase shift) or a 
reflective coil, by introducing a reflector at the end of the fiber most distant fi-om the 
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optical source. Winding of the helical coil in this bobbin fashion is advantageous where 
the axial length of the coil is much shorter than the number of turns. Since the sense of 
rotation is unchanged, the Faraday effect is still cumulative. If the coil starts and ends at 
the same point along the length of the conductor, i.e., an odd number of reversals, this 
establishes a closed integral path, with the sensing coil enclosing the current and 
minimizing sensitivity to non-uniform magnetic fields. Whether a cumulative Berry's 
phase exists is not relevant, since it is the Berry's phase per unit length, compared to the 
linear birefi-ingence per unit length that is the determining performance factor. 

In addition to decreasing the effects of linear birefringence by using Berry's 
phase, lengths of the fiber may be separated by controlled twists located between the 
fiber sections, as disclosed in U.S. Provisional Patent Application 60/222,389 "Reduction 
of Linear Birefringence in Circular-Cored Single-Mode Fiber" to R. Dyott and S. 
Bennett, filed August 2, 2000, and incorporated herein by reference. 

The design considerations disclosed herein may be applied to helixes of varying 
diameters, and toroidal forms of varying diameters may be used as well to suit the 
particular installation. The coils made with this invention may be used in both open and 
closed loop signal processing configurations, and in both interferometric and polarimetric 
optical configurations. 

One embodiment of the Berry's phase coil may be employed with fiber-optic 
current sensors, for example, having the design illustrated in Fig. 5. Light emitted from a 
suitable light source 42 may pass through a first 3dB coupler 1 where half of the light 
may be dissipated, and half may be sent through the polarizer 2. A second 3dB coupler 3 



may split the light into two approximately equal intensity, counter-propagating beams 
which may traverse the coil 40, which in the embodiment of Fig. 5, according to the 
invention, may be a Berry's phase coil. The two Ught beams exiting the coil 40 may then 
recombine at the second coupler 3 where they interfere. This combined light beam may 
then pass through the polarizer 2 a second time in the opposite dkection, and half of the 
light may be directed to the photodetector 44 by the first coupler 1. An optical splitting 
ratio of 3 dB is typically selected for the couplers to maximize the optical power incident 
on the detector. Two XI A waveplates 48, 49 may be placed near the sensor coil ends. 
Those skilled in the art will understand that the XI A waveplates are located at the end of 
polarization-maintaining fiber leads which may have a considerable length. 

A piezo-electric transducer (PZT) 46 may be used to modulate the phase 
difference between the two counter-propagating light beams. Other methods of 
modulating the phase difference, for example, using an electro-optic material such as 
lithium niobate and/or non-linear polymers, may also be employed. This phase 
modulation serves two purposes. One is to dynamically bias the interferometer to a more 
sensitive operating point and also allow the determination of rotation sense. The other is 
to move the detected signal from direct current (DC) to altemating current (AC) in order 
to improve the accuracy of the electrical signal processing. With sinusoidal phase 
modulation, the interferometer output signal is an infinite series of sinusiodal waveforms 
whose frequencies are integral multiples of the modulation frequencies and whose 
maximum amplitudes are Bessel functions related to the phase modulation amplitude. 
The ratio of the amplitudes of the fundamental and the next three lowest order harmonic 
signals can be used to detect rotation rate and/or magnetic field, while at the same time 
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maintaining a stable, linear output scale factor. The light source intensity and modulator 
amplitude may be controlled via drivers 5, 8 by analog and/or digital electronic hardware 
6 which receives input signals from detector 44 via amplifier 7. 

While the invention has been disclosed in connection with the preferred 
embodiments shown and described in detail, various modifications and improvements 
thereon will become readily apparent to those skilled in the art. For example, the 
aforedescribed Berry's phase coil may also be used with fiber optic current sensors, such 
as the mmimum configuration (MC) and reduced minimum configuration (RMC) current 
sensor described in the copending US patent appUcation 09/459,438, which is 
incorporated herein by reference. Accordingly, the spirit and scope of the present 
invention is to be limited only by the following claims. 
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